The dynamics of photoluminescence due to biexcitons and exciton-exciton scattering (M and P emissions, respectively) has been investigated in the layered-type semiconductor PbI 2 by using the optical Kerr gate method. We simultaneously observed P and M emissions under high-density excitation. The M emission emerges instantaneously, whereas the P emission shows a delayed onset whose latency increases as the excitation photon energy increases. The latency to onset indicates that the P emission takes place after the relaxation of excitons with excess energy toward the bottleneck region via exciton-longitudinal optical (LO) phonon scattering processes. Based on the time-dependent peak energy shift of the P emission and a line-shape analysis of the M emission, we evaluated the effective temperatures of both photogenerated excitonic and biexcitonic systems as well as the self-energy due to the collisions among biexcitons. We conclude that these systems are separately formed in space owing to potential fluctuations between PbI 2 layers, and independently reach thermal equilibrium after ∼30 ps with different cooling processes. The exciton-exciton and exciton-LO phonon scattering processes play an important role in cooling the excitonic system, whereas the biexciton-biexciton and biexciton-exciton collisions are dominant in cooling the biexcitonic system.
I. INTRODUCTION
The photoluminescence (PL) properties of high-density excitons in semiconductors have attracted a great deal of attention in the fields of fundamental semiconductor physics and device applications. Generally, as the excitation photon density increases, PL due to biexcitons (so-called M emission) first appears. Subsequently, after the saturation of M emission, PL caused by inelastic scattering of excitons (so-called P emission) emerges in place of M emission. In the case of M emission, one of two excitons in a biexcitonic state is radiatively annihilated, leaving the other as a free exciton. In contrast, in the case of P emission, the inelastic scattering between two excitons in the excitonic state (n = 1) excites one into a higher excitonic (n 2) or continuum state (n = ∞), and scatters the other into the lower polariton branch. Recently, owing to the invention of ultrafast laser spectroscopy, the PL dynamics of M and P emissions have been extensively studied in wide-gap semiconductors. [1] [2] [3] [4] [5] For example, the formation and decay processes of biexcitons and laser emission originated from a biexcitonic state were clarified in CuCl quantum dots, 3 while the dynamics of exciton-exciton and exciton-phonon scattering processes were revealed in CuI 4 and ZnO. 5 However, although both M and P emissions relate to two excitons, whether the excitons are bound to form a biexciton or cause mutual scattering is still unclear. Furthermore, the coexistence dynamics between excitonic and biexcitonic systems have not been well understood to date.
The layered-type semiconductor PbI 2 has a direct band gap of ∼2.54 eV and an exciton binding energy of 30 meV. 6 The optical properties of the M emission are well known under band-to-band excitation, 7, 8 while very recently the P emission was observed via a two-photon absorption process for the band-to-band transition. In the two-photon absorption process, formation of biexcitons could be radically suppressed making it possible to observe the P emission. 9 Given that both the M and P emissions are clearly observed, PbI 2 is a suitable material to investigate the PL dynamics between the M and P emissions, both of which are related to two excitons.
In the present work, we investigated the PL dynamics due to biexcitons and exciton-exciton scattering processes in the layered-type semiconductor PbI 2 under high-density excitations. Using the femtosecond (fs) optical Kerr gate (OKG) method, we successfully measured ultrafast dynamics of M and P emissions under band-to-band excitations. As a result, we evaluated the full time-dependent behaviors of these emissions such as the spectral shift and effective temperature. From the results, we found that in addition to exciton-exciton collision, the exciton-longitudinal optical (LO) phonon scattering process plays an important role in the P emission dynamics, whereas the biexciton-biexciton and biexciton-exciton collision processes are dominant for the M emission dynamics. We also speculate that the excitonic and biexcitonic systems are separately formed in space owing to the existence of potential fluctuations between the PbI 2 layers, and independently reach thermal equilibrium after ∼30 ps via different cooling processes.
II. EXPERIMENTAL DETAILS
Plateletlike 4H-PbI 2 single crystals were grown under vapor phase as previously reported. 10 The typical thickness of samples is 10-100 μm. The sample was kept at 20 K in a temperature-controlled cryostat.
We used a Ti:sapphire regenerative amplifier laser system with a center wavelength of 800 nm, repetition rate of 1 kHz, and pulse duration of 150 fs as the light source. The excitation light was the second harmonic pulse (400 nm/3.1 eV), whose energy corresponds to the band-to-band transition of PbI 2 .
When tuning the excitation photon energy from the bandto-band excitation energy to exciton resonance excitation energy, we used a home-built optical parametric amplifier (OPA) pumped with a Ti:sapphire regenerative amplifier. Time-resolved PL spectra were measured by the OKG method, whose temporal resolution is 1.2 ps, with CS 2 solution as a Kerr medium. 11 The time-integrated and time-resolved PL spectra were detected by a monochromator with a charge coupled device (CCD) detector cooled at liquid nitrogen temperature. The experimental setup is almost the same as that reported in Ref. 12 .
III. RESULTS AND DISCUSSION
Figure 1(a) shows time-integrated PL spectra under various excitation photon densities at 20 K. Under weak excitation density, the M and L emission bands were observed around 2.50 and 2.44 eV, respectively. The M emission comes from the radiative annihilation of biexcitons, 7, 8 whereas the L emission is due to the localized excitons that are trapped by potential fluctuations. 13 Because an intense regenerative amplifier system was used as an excitation light source, the high-density PL band due to biexcitons was observed instead of the PL bands due to free and bound excitons even under the weak excitation limit of 0.04 mJ/cm 2 . On the other hand, the excitation density of 0.74 mJ/cm 2 yields the exciton density of ∼5.0 × 10 18 cm −3 , whose value is below the Mott transition density expected in this material. Therefore, the PL band due to electron-hole plasma should not be observed under our experimental conditions. The PL intensities of the L and M emission bands increase linearly and quadratically, respectively, and then saturate with increasing the excitation density, as shown in Fig. 1(b) . The spectral shape of the M emission is asymmetric; the tail toward the lower-energy side reflects the Boltzmann distribution of the biexcitonic system with an effective temperature, while that of the higher-energy side originates from the biexciton-biexciton collisions due to the intense pump power. 14 As the excitation density increases, a new emission band (P emission band) with a nearly Lorentzian shape emerges around 2.47 eV; its intensity increases quadratically with increasing excitation photon density without a saturation behavior. The peak energy of the observed P emission is close to the peak energies of the steady-state P ∞ and P 2 emissions expected in PbI 2 . Here, the energy position of the P ∞ and P 2 emissions is given bȳ
where E n=1 , E n=2 , and E n=∞ are the energies of the n = 1 excitonic, n = 2 excitonic, and continuum states, respectively, k B is the Boltzmann factor and T is the effective temperature of the excitonic system. 15 By inserting the excitonic energies of PbI 2 (E n=1 = 2.506, E n=2 = 2.529, and E n=∞ = 2.536 eV, respectively) and the lattice temperature (20 K) as T into Eq. (1), the energy positions of the P ∞ and P 2 emissions are expected to be 2.476 and 2.483 eV, respectively. The effective temperature of the excitonic system should be higher than the lattice temperature and increases with increasing the excitation photon density. Therefore, the energy position of the observed P emission is lower than the energy positions of the estimated P ∞ and P 2 emissions, and decreases with increasing excitation photon density, as shown in Fig. 1 
(a).
Judging from these experimental results, the observed P emission band most likely originates from the inelastic exciton-exciton scattering process. The L emission could not be observed by the time-resolved PL measurements because the lifetime of the L emission band ( ∼1 ns) is much longer than the time window of our experiment (∼1.2 ps). 13 As shown in Fig. 2 , only the M emission band is observed under the weak excitation density, whereas the M and P emission bands are observed together under the high-density excitation. To analyze dynamical behaviors of the M and P emission bands separately, we performed a line-shape analysis. The M emission was analyzed by taking account of the thermal distribution of the biexcitons and the biexciton-biexciton collision process as follows:
Here, I (E) is the M emission intensity as a function of biexciton energy E, and n(ε, T ) = exp(−ε/k B T ) is the Boltzmann distribution function with an effective temperature.
and originate from self-energy due to the collision among biexcitons;
corresponds to the energy gain due to the collision and affects the peak shift of the biexciton, whereas contributes to the actual relaxation process and participates in broadening the spectral width. The Boltzmann distribution with a given effective temperature modifies the low-energy tail of the M emission band. Therefore, we could independently determine the three adjustable parameters, , , and T , at given time delays by our line-shape analysis. On the other hand, the P emission was phenomenologically fitted with a Lorentzian function. The dotted and broken lines in Fig. 2(b) show the M and P emission bands, respectively, whereas solid lines in Figs. 2(b) and 2(d) represent the total emission line shape. As seen in Figs. 2(b) and 2(d) , we could reproduce all of the observed data well by this procedure. Therefore, we can evaluate the time-dependent dynamical behaviors of the M and P emissions in full detail.
The M emission emerges immediately after the irradiation of the excitation pulse, whereas the P emission appears with a time delay, as shown in Figs. 2(a) and 2(c) . Figure 3 shows the spectral-integrated PL intensities of the M and P emissions as a function of time delay. The M emission emerges instantaneously within the temporal resolution of the system response function, whereas the P emission has an onset time to appear. Therefore, the time evolution of the M and P emission bands I (t) was phenomenologically fitted with the following function g(t) convoluted with the system response function f (t); that is,
with
where τ r , τ d , and τ onset are the rise, decay, and onset times, respectively. For example, under the excitation density of 0.74 mJ/cm 2 , we found that the M emission emerges instantaneously within the temporal resolution of the system response function and decays with τ d = 76 ps. In contrast, the P emission has onset and decay times of 6.0 and 37 ps, respectively. The obtained decay times contain information on various physical parameters such as the self-energy and the effective temperature. Therefore, the time-dependent behavior of each physical parameter, which comes from the line-shape analysis, will be individually discussed in the following paragraphs. Figure 4 (a) shows the time evolution of the peak energies of the M and P emission bands under the excitation density of 0.74 mJ/cm 2 . The dashed lines show the expected peak energy positions of the M, P 2 , and P ∞ emission bands, respectively. The peak energy of the M emission shifts to the lower-energy side and approaches the energy expected in the steady state. In addition, as seen in Fig. 4(b) , the magnitude of real and imaginary parts of the self-energy estimated from the lineshape analysis decreases as a function of time along a curve with two exponential decay components, the decay times of which were 4.5 and 32 ps in , and 4.9 and 39 ps in . This is because the probability of the collisions in a biexcitonic system decreases as the biexciton density decreases with time through various decay processes. 16 In Ref. 14, the line shape of the M emission in CdS and CdSe samples was analyzed by taking account of the broadening due to the collisions. However, the effect of on the spectral shape could not be detected because of the smaller value of in comparison with that of k B T .
14 In our case, on the other hand, intense femtosecond laser pulses induce the effective collisions among high-density biexcitons, leading to first observation of the clear temporal change of as well as .
To confirm the collision process among biexcitons, we also evaluated the time-dependent self-energy under the weak excitation density of 0.15 mJ/cm 2 using the same analytical procedure. As shown in Fig. 4(c) , decreases biexponentially with time having longer decay times of 7.0 and ∼50 ps. Using the same time constants, the temporal behavior of could be also reproduced [see broken lines in Fig. 4(c) ]. The magnitude of in the whole temporal region and that of at the early stage under the weak excitation density (0.15 mJ/cm 2 ) are smaller than those under the high excitation density (0.74 mJ/cm 2 ). The biexciton density photogenerated under the weak excitation density is lower than that under 155206-3 the high excitation density, leading to less probability of the collisions in a biexcitonic system. As a result, the decay times become slower and the magnitude of the self-energy decreases with decreasing the excitation density. In contrast, the value of after a long time delay (3-4 meV) seems to be independent of the excitation density. The imaginary part of the self-energy, , is directly connected to the actual relaxation process. After the collisions among biexcitons are almost completed, the relaxation might be governed by nonradiative processes such as trapping into impurities and potential fluctuations, which are independent of the biexciton density.
In contrast to the M emission, the peak energy of the P emission shifts to higher energy after an onset time of 6.0 ps, and then approaches that of the steady-state P ∞ emission [see Fig. 4(a) ]. As shown in Eq. (1), the energy of the P emission depends on the effective temperature. Therefore, the higherenergy shift of the P emission is attributed to a reduction of the effective temperature of the excitonic system in time. In the following, we focus on the coexistence dynamics between excitonic and biexcitonic systems. Figure 5 shows the effective temperatures of the excitonic and biexcitonic systems under the excitation density of 0.74 mJ/cm 2 as a function of time delay. Here, the effective temperature of the excitonic system is estimated from the energy difference between E n=∞ and E n=1 by using Eq. (1), whereas that of the biexcitonic system is obtained from the line-shape analysis of the M emission. The effective temperatures in the excitonic and biexcitonic systems both decrease with time from an initial effective temperature of ∼200 K to nearly the lattice temperature of 30-50 K with different decay profiles. The effective temperature of the excitonic system declines according a single exponential decay with a time constant of 15 ps; this decline may reflect the relaxation due to the exciton-exciton collisions. In contrast, the effective temperature of the biexcitonic system decreases along a curve with two exponential decay components, whose time constants (7.1 and 39 ps) are close to the fast and slow decay times estimated from the time-dependent selfenergies [see Fig. 4(b) ]. Therefore, the fast decay component comes from the collision among biexcitons, whereas the slow component may come from exciton-biexciton collision and/or nonradiative pathways into impurities and potential fluctuations after the biexciton-biexciton collision process is almost completed. These results strongly suggest that the excitonic and biexcitonic systems generated by the same pump laser pulses have different cooling processes and are thermalized separately from each other. We will discuss these results in the last section of the paper.
To reveal the origin of the onset time that was observed only in the P emission, we measured the excitation photon energy dependence of the PL by using an OPA pumped by a regenerative Ti:sapphire amplifier system. Figure 6 shows the onset time of the P emission as a function of the excitation photon energy at 20 K. The observed onset time of the P emission increases with the excitation photon energy owing to the following cascade relaxation process. Under band-toband excitation, the photogenerated exciton with an excess energy relaxes to the bottleneck region along the excitonpolariton dispersion curve by emitting multiple LO phonons via the exciton-LO phonon scattering process. Subsequently, at the bottleneck region, the P emission effectively occurs via the exciton-exciton scattering process, leading to the delayed onset. In contrast, under the exciton resonance excitation, the P emission occurs immediately via exciton-exciton scattering because excitons are directly generated around the bottleneck region. We quantitatively calculated the onset time of the P emission by the same procedure as that reported in Ref. 17 . In this calculation, we used = 13.9 meV, 18 ε ∞ = 6.1, ε 0 = 26.4, 19 a ex = 1.9 nm, 20 m e = 0.48m 0 , m h = 0.20m 0 , 21 and E n=1 = 2.506 eV as physical parameters, where is the LO-phonon energy, ε ∞ the dielectric constant at infinite frequency, ε 0 the static dielectric constant, a ex the exciton Bohr radius, m e the electron mass, m h the hole mass, and E n=1 the exciton energy at state n = 1. The calculated result is in quite good agreement with the experimental data, as shown by the solid line in Fig. 5 . In contrast to the P emission, the M emission does not show any onset time to emerge as shown in Fig. 2 . The formation and decay dynamics of biexcitons have been extensively studied in wide-gap semiconductors such as CuCl, and the M emission generally appears without any time delay. 22, 23 The biexcitonic state can be produced via the two formation processes: resonant two-photon absorption for the biexcitonic state and exciton-exciton interaction to form a biexciton. In the former process, the biexcitons are directly and effectively generated because of the resonant transition to an intermediate excitonic state and the giant oscillator strength from the excitonic to biexcitonic states. 9, 24 Because this process might be dominant, the M emission emerges instantaneously within the temporal resolution of the system response function as shown in Figs. 2 and 3 .
Finally, we discuss why the excitonic and biexcitonic systems are independently thermalized with different cooling processes. One possibility is that the excitonic and biexcitonic systems are separately formed in space. To test this conjecture, we measured the time-integrated PL spectra at various areas of the PbI 2 sample with the same excitation intensity of 0.74 mJ/cm 2 . Figure 7 shows the intensity of the P emission relative to that of the sum of the P and M emissions (P /P + M) as a function of the PL intensity of the L emission. Here, the PL intensity of the L emission was estimated from the spectral integration of the broad L emission band. Given that the L emission comes from a localized exciton trapped by potential fluctuations, the intensity of the L emission depends on locations where the PL is detected. As seen in Fig. 7 , the intensity of the P emission clearly decreases as that of the L emission increases, implying that the P emission due to the exciton-exciton scattering process preferentially occurs at an area without potential fluctuations, whereas the M emission due to the biexciton occurs even at the areas where potential fluctuations exist.
In GaN thin films, the four-wave mixing signal due to the biexciton-exciton transition (XX A ) becomes strong along line defects relative to that due to the A-exciton transition (X A ), suggesting that the exciton-exciton interactions are spatially modified by the defects. 25 In InGaN alloy compounds, the PL due to the exciton-exciton scattering process preferentially occurs at places where spatial fluctuations of alloy composition exist, 26 although this result is somewhat opposite to the result we observed here. Judging from these experimental results, we tentatively deduce that the excitonic and biexcitonic systems are separately formed and relaxed in space in the layered-type PbI 2 because of spatially distributed potential fluctuations located between layers. Further experiments such as microscopic time-resolved PL measurements are needed to confirm our conjecture.
IV. CONCLUSION
In summary, we have investigated ultrafast PL dynamics due to biexcitons and exciton-exciton scattering in the layeredtype semiconductor PbI 2 by using the OKG method. Under band-to-band excitation with intense excitation density, we simultaneously observed P and M emissions. We found that the P emission appears with a time delay whose latency increases as the excitation photon energy increases. The latency to onset indicates that the P emission occurs after the energy relaxation of excitons with an excess energy via the exciton-LO phonon scattering. In contrast, the M emission appears instantaneously after the excitation and the spectrum has an asymmetric shape due to thermal distribution of biexcitons and biexciton-biexciton collisions. From the time-dependent peak energy shift of the P emission and spectral shape analysis of the M emission, we could evaluate the effective temperatures of the excitonic and biexcitonic systems. These experimental results strongly suggest that the P and M emissions occur separately in space with different relaxation processes; the former relaxing radiatively by inelastic scattering between excitons and the latter being annihilated via biexciton-biexciton and biexciton-exciton collisions.
